Extensive molecular docking, molecular dynamics simulations, and binding free energy calculations have been performed to understand how R7-specific agonists of nicotinic acetylcholine receptor (nAChR), including AR-R17779 (1), GTS-21 (4), and 4-OH-GTS-21 (5), interact with the R7 receptor, leading to important new insights into the receptor-agonist binding. In particular, the cationic head of 4 and 5 has favorable hydrogen bonding and cation-π interactions with residue Trp149. The computational results have also led us to better understand the roles of Gln117 and other residues in the receptor binding with agonists. The computational predictions are supported by data obtained from wet experimental tests. The new insights into the binding and structure-activity relationship obtained from this study should be valuable for future rational design of more potent and selective agonists of the R7 receptor.
Introduction

Nicotinic acetylcholine receptors (nAChRs)
a are important members of the Cys-loop superfamily of pentameric ligandgated ion channels in the central nervous system (CNS). 1 These receptors directly mediate a broad range of brain functions such as learning and memory. Abnormal opening-and-closing of nAChRs contributes to neurodegenerative disorders, resulting in severe diseases such as Alzheimer's disease, Parkinson's disease, dyskinesias, Tourette's syndrome, and schizophrenia. 2 Among all the subtypes identified to date, R7 and R4 2 have been established as two major targets mediating the pathology of these severe diseases. [3] [4] [5] Compared to other nAChRs, the R7 receptor mediates the neuron-protective action of nicotinelike agonists against various stresses including -amyloid and nerve growth factor depletion. [6] [7] [8] [9] Selective R7 agonists can prevent receptor activation by -amyloid and do not possess significant drug dependence, making R7 receptor as a potential target for the treatment of Alzheimer's disease. 7, 10, 11 Hence, it is very interesting to design and discover novel, potent, and selective agonists of R7 nAChR.
(-)-Spiro[1-azabicyclo(2.2.2)octane-3,5′-oxazolidin-2′-one] (AR-R17779, 1) 12, 13 is a conformationally rigid analogue of acetylcholine and is a full agonist of R7 nAChR. 1 is highly selective for R7 nAChR over R4 2 and other nAChR subtypes. Preliminary structure-activity relationship revealed that the structure of this molecule is rather rigid and cannot bear structural changes (compounds 2 and 3 in Table 1 ) without losing its high affinity of binding with R7 nAChR. The unique potency and selectivity of 1 make this compound an important agent for understanding the structure and function of the R7 receptor. Another ligand, 3-[(2,4-dimethoxy)benzylidene]-anabaseine (GTS-21, 4), 14 originally derived from the animal toxin anabaseine, has been tested as a partial agonist of R7 nAChR (Table 1) , whereas it is a moderate antagonist of R4 2 nAChR. 7, [15] [16] [17] [18] This ligand (4) has demonstrated promising characteristics during the phase I clinical trials, i.e., enhancing a variety of cognitive behavior, much less toxic than nicotine, and large-dose administration without adverse effects. Interestingly, 4 is easily metabolized by hepatic cytochrome P450. The primary metabolites are 2-OH, 4-OH, and 2,4-diOH-GTS-21. 22 Only 4-OH-GTS-21 (5) 22 displayed a little higher affinity than 4 for stimulating R7 receptors. Experimental studies also demonstrated that the protonation of the tetrahydropyridyl nitrogen is essential for the high-affinity binding of 4 and its metabolites with R7 nAChR. 17, 18, 22 Contemporary understanding of the structure-function relationship of nAChRs has greatly benefited from the two major breakthroughs achieved so far, i.e., the refined structure of Torpedo R1 1δγ nAChR 23, 24 and several crystal structures of the acetylcholine-binding protein (AChBP) in different agonist/ antagonist-bound states. 25, 26 Although the refined structure of R1 1δγ nAChR at 4 Å resolution has provided fundamental insights into the architecture of extracellular ligand binding domain (LBD) and the channel pore, 23 the binding site is obviously distorted, making it impossible to offer in-depth information about ligand binding. Overall, AChBP shares ∼24% sequence identity with LBD of a nAChR and has the same pentameric assembly. 24 The X-ray crystal structure of agonistbound AChBP has been recognized as the most appropriate template to model the LBD of nAChR for the purpose of studying the molecular mechanism of receptor-ligand interactions. [25] [26] [27] [28] This progress has also paved the way to understand particular contributions from residues at a binding site to ligand binding. In our previous studies, 29, 30 we proposed that Gln117, 31 a hydrophilic residue at the complementary side of the binding site, contributes important hydrogen bonding interaction to 1 binding with R7 nAChR and, thus, enhanced the subtype selectivity of 1 binding with nAChRs. It is notable that the agonist activities of 4 and 5 with R7 nAChR are close to that of 1. 12, 13, 18, 19 However, the structures of these compounds are quite different, which implies that 4 and 5 might interact with the R7 receptor in a significantly different binding mode compared to the 1 binding. 30 The present study aims to understand how 4 and 5 bind with R7 nAChR and to better understand the role of Gln117 in R7 nAChR binding with different agonists. For this purpose, we first examined how wild-type R7 nAChR and its Gln117Phe mutant bind with a series of agonists and calculated the corresponding binding free energies. The obtained binding structures and binding free energies demonstrate the effects of the possible hydrogen bonding with Gln117 and other residues of R7 nAChR on the receptor binding with agonists. The calculated results predict that the roles of Gln117 in R7 nAChR binding with different agonists are different. The computational predictions are supported by data obtained from wet experiments and provide new receptor-agonist binding and structure-activity relationship (SAR) insights valuable for future rational design of novel agonists that can more potently and selectively interact with R7 nAChR.
Experimental Methods
Preparation of Molecular Structures. Geometries of protonated structures of five agonists, i.e., 1-5 in Table 1 , were fully optimized by using Gaussian03 program 32 at the HF/6-31+G(d) level. The atomic charges of all these protonated structures were derived from the first-principles electrostatic structure calculations at the HF/6-31+G(d) level as the restrained electrostatic potential (RESP) charges determined by using the standard RESP procedure implemented in the Antechamber module of the Amber8 program. 33 The similar RESP-fitting calculations based on the first-principles electronic structure method were used in our previous computational studies of other protein-ligand systems and led to satisfactory binding structures. [34] [35] [36] [37] [38] The modeling of the mutant structure of human R7 nAChR in this study was based on the use of our previously modeled structure of ligand-binding domain (LBD) of wild-type human R7 nAChR. 30 As the template used to model the LBD is the X-ray crystal structure 25 of AChBP with an agonist (i.e., nicotine) bound in the binding site, the modeled LBD structure is expected to be close to that of the open-channel state of the R7 receptor but may also be related to the desensitized state. The constructed initial LBD structure was carefully energy-minimized by using the Sander module of the Amber8 program 33 with a nonbonded cutoff of 10 Å, a conjugate gradient minimization method and convergence criterion of 0.01 kcal mol -1 Å -1 . Molecular Docking and Molecular Dynamics Simulations. On the basis of the modeled LBD structures of wild-type human R7 receptor and its Gln117Phe mutant, molecular docking was performed for all of the considered agonists. Our docking studies were first performed for 5 binding with the wild-type R7 receptor and then extended to other receptor-agonist binding. Using the AutoDock 3.0.5 program, 39 the agonist was docked into the binding site at the interface of two subunits of the LBD structure. During the docking process, the conformational search was performed using the Solis and Wets local search method, 40 and the Lamarkian genetic algorithm (LGA) 39 was applied to deal with the receptor-ligand interactions. Among a series of docking parameters, the grid size was set at 60 × 60 × 60, and the grid space used was the default value of 0.375 Å. As recommended by the AutoDock 3.0.5 programmer, the translational step size was set as 0.2 Å, while the step size for both quanternion and torsional change was 5°. For the LGA, parameters, the maximum number of energy evaluations was increased to 1800000. The docked receptor-ligand complex structures were ranked according to the calculated interaction energies combined with geometric matching quality. By visually checking the geometric matching quality of the docked binding structures with the lower binding energies, candidate structures that are consistent better with the known structure-activity relationships of R7 receptor agonists were compared to each other and the best one was selected as the initial binding complex for further modeling studies. Each of the selected best initial complex structures was energy-minimized in a similar way as performed for the energy minimization of the receptor structures, i.e., first fixing the backbone atoms of the receptor and the whole ligand structure for 2000 steps, in order to relax the side chains of the residues, especially those in the binding site. The whole complex structure was fully energyminimized and converged at 0.01 kcal mol -1 Å -1 . Further, to achieve the best possible "induced fit" of an agonist in the binding site of the receptor, we also carried out molecular dynamics (MD) simulations on the energy-minimized receptor-agonist complex structures by using the Sander module of the Amber8 program. 33 We first carried out restrained MD simulations without adding additional water molecules. During the restrained MD simulations, the atoms that were allowed to move freely include those of the agonist and the residues within the binding site, including the residues of the C-loop on the 9 and 10 strands (Trp174 to Thr208) and the F-loop on the complementary binding side (Gln159 to Gly172), along with the side chains of all the other residues. The complex structure was then solvated in a rectangular box of TIP3P water molecules 41 with a minimum solute-wall distance of 10 Å in order to perform MD simulations on the solvated receptor-agonist complex. 50 Na + and 30 Cl -ions were randomly swapped with water molecules in order to neutralize the system and mimic the physiological condition of 0.10 M Na + and 0.05 M Cl -ions. The MD-simulated system had more than 124000 atoms, e.g., 124443 atoms for the complex with 5, including 35814 water molecules.
The solvated system was slowly heated to 300 K by weakcoupling method 42 and equilibrated for about 100 ps. During the MD simulations, a 10 Å nonbonded interaction cutoff was used and the nonbonded list was updated every 1000 steps. The particle mesh Ewald (PME) method 43 was applied to treat long-range electrostatic interactions. The lengths of bonds involving hydrogen atoms were fixed with the SHAKE algorithm, 44 enabling the use of a 2 fs time step to numerically integrate the equations of motion.
Finally, the production MD simulation was kept running for ∼6.5 ns with a periodic boundary condition in the NTP ensemble at T ) 300 K with Berendsen temperature coupling and at P ) 1 atm with anisotropic molecule-based scaling. 42 The last snapshot of the MDsimulated receptor-agonist structure was energy-minimized, and the energy-minimized structure was used as the final receptor-agonist binding structure for binding free energy calculations (see below).
Binding Free Energy Calculations. For each of the obtained receptor-agonist complex structures, the binding free energy was calculated using the scoring function developed in our previous study, 30 i.e.,
In eq 1, ∆G AD is the binding free energy value calculated by using the standard scoring function implemented in the AutoDock 3.0.5 program 39 but excluding the contribution from hydrogen bonding. ∆G HB refers to the contribution from the receptor-ligand hydrogen bonding. ∆G LRE is the long-range electrostatic interaction (∆G LRE ) between all of the ligand atoms and all the receptor atoms outside a 22.5 Å × 22.5 Å × 22.5 Å box (corresponding to the 60 × 60 × 60 grid) centered at the mass center of the ligand. ∆G HB and ∆G LRE were determined by using the following equations
in which R i was the H · · · O distance for the ith hydrogen bond between the ligand and the receptor;
in which R ij was the internuclear distance between the ith atom (with a point charge of q i ) of the receptor and the jth atom (with a point charge of q j ) of the ligand. ε(R ij ) was the distance-dependent dielectric constant determined by using the same function implemented in the AutoDock 3.0.5 program.
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In eqs 1-3, the universal empirical parameters were calibrated to be R ) 0.521, E 0 ) -2.128, 12 ) 5.571, 10 ) 668.580, and λ ) 1.558 in our previous study. 30 Most of the modeling and computations were performed on a supercomputer (e.g., IBM X-series Cluster with 34 nodes and 1360 processors) at the University of Kentucky Center for Computational Sciences. Some computations were carried out on SGI Fuel workstations and a 34-processor IBM x335 Linux cluster available in our own laboratory.
Site-Directed Mutagenesis. Human R7 nAChR clone was obtained from Dr. Jon Lindstrom (University of Pennsylvania, Philadelphia, PA). The mutation of specific amino acid was introduced by means of QuikChange site-directed mutagenesis (Stratagene, La Jolla, CA). The experimental procedure was similar to that described previously. 5 Briefly, using a thermal cycler, Pfu DNA polymerase extended the sequence around the whole vector, generating a plasmid with staggered nicks. Each cycle built only off the parent strands; therefore there was no amplification of misincorporated bases. After 12-16 cycles, the product was treated with Dpn I, which digested the methylated parent DNA into numerous small pieces. The product was then transformed into E. coli cells, which repaired the nicks. After linearization and purification of cloned cDNAs, RNA transcripts were prepared in vitro using the appropriate mMessage mMachine kit from Ambion Inc. (Austin, TX).
Expression in Xenopus laeWis oocytes. Mature (>9 cm) female Xenopus laeVis African frogs (Nasco, Ft. Atkinson, WI) were used as a source of oocytes. Before surgery, the frogs were anesthetized by placing them in a 1.5 g/L solution of MS222 for 30 min. Oocytes were removed from an incision made in the abdomen.
Harvested oocytes were treated with 1.25 mg/mL collagenase (Worthington Biochemical Corporation, Freehold, NJ) for 2 h at room temperature in calcium-free Barth's solution (88 mM NaCl, 1 mM KCl, 2.38 mM NaHCO 3 , 0.82 mM MgS0 4 , 15 mM HEPES (pH 7.6), 12 mg/L tetracycline) in order to remove the follicular layer. Stage-5 oocytes were isolated and injected with 50 nL (5-20 ng) of each subunit cRNA. Recordings were normally conducted 2-5 days postinjection.
Electrophysiology. Experiments were conducted using OpusXpress6000A (Axon Instruments, Union City, CA). OpusXpress is an integrated system that provides automated impalement and voltage clamp of up to eight oocytes in parallel. Both the voltage and current electrodes were filled with 3 M KCl. The oocytes were clamped at a holding potential of -60 mV. Data were collected at 50 Hz and filtered at 20 Hz. The oocytes were bath-perfused with Ringer's solution. Agonist solutions were delivered from a 96-well plate using disposable tips. Flow rates were set at 2 mL/min.
Experimental Protocols and Data Analysis. Responses of R7 receptors were calculated as net charge. 4 Each oocyte received initial control applications of ACh, then experimental drug applications and follow-up control applications of ACh. The control ACh concentration was 300 µM. Responses to experimental drug applications were calculated relative to the preceding ACh control responses in order to normalize the data, compensating for the varying levels of channel expression among the oocytes. Mean values and standard errors (SEM) were calculated from the normalized responses of at least four oocytes for each experimental concentration. For concentration-response relations, data derived from net-charge analyses were plotted using Kaleidagraph 3.0.2 (Abelbeck Software, Reading, PA), and curves were generated from the Hill equation
n where I max denotes the maximal response for a particular agonist/ subunit combination, and n represents the Hill coefficient. I max , n, and the EC 50 were all unconstrained for the fitting procedures, except in the case of the ACh response curves. Because ACh was our reference full agonist, for the ACh concentration-response curves, the data were normalized to the observed ACh maximum and the I max of the curve fits were constrained to equal one. To compare expression, oocytes harvested and injected on the same day with RNA coding for wild-type and mutant receptors were tested on the same day with the same ACh concentration. Mean responses of the mutant receptors were compared with mean responses of the wild-type receptors.
Results and Discussion
Mode of Wild-Type r7 nAChR Binding with Compounds 4 and 5. According to the energy-minimized receptor-binding structures ( Figure 1A,C) , the protonated tetrahydropyridyl group of 4 and 5 forms a hydrogen bond with the backbone carbonyl oxygen and a cation-π interaction with the aromatic side chain of Trp149 residue. The tetrahydropyridyl group is wrapped by several aromatic residues as Tyr93, Tyr188, Tyr195, and Trp55 from another neighboring subunit. Another pyridine group situates under the side chain of Gln117 and interacts with the disulfide bond formed by Cys190 and Cys191 in the C-loop and hydrophobic side chains of residues Leu109 and Leu119 in the complementary side of the binding site. The benzylidene group stretches toward a subsite formed by residues Tyr188 and Glu189 in the C-loop and residues Ser167, Tyr168, and Ile169 in the F-loop. The 2-methoxy group at the benzylidene structure is oriented close to the Cys190-Cys191 disulfide bond and side chain of Leu119. The 4-methoxy group of 4 packs perpendicularly with the aromatic side chain of Tyr168 and interacts with the hydrophobic side chain of Ile169 ( Figure 1C) . Significantly different from 4 ( Figure 1C) , the 4-hydroxyl group of 5 forms an O-H · · · O type of hydrogen bond with the negatively charged side chain of Glu189 ( Figure 1A) . Simultaneously, the OE1 atom on the side chain of Glu189 forms another hydrogen bond with the hydroxyl group on the side chain of Tyr168 in the F-loop. Such hydrogen bonding interactions between 4-hydroxyl group of 5 and residues Glu189 and Tyr168 help to improve the ligand binding with the R7 receptor. These results reveal the importance of the 4-hydroxyl group of 5 in the binding with the receptor, which explains why the binding affinity of 5 with the R7 receptor is higher than that of 4 as observed in experimental measurements. 14, 18, 23 Further, when the 4-hydroxyl group of 5 is replaced by a more bulky group such as -SCH 3 or -CF 3 , the bulky group may bring additional steric hindrance at the local binding site. Because of the additional steric hindrance, the hydrogen bond between Glu189 and Tyr167 in the F-loop may be weakened and, as a result, the receptor may not be able to get activated (channel opening). These structural features of the obtained binding mode are consistent with the previous experimental observations, e.g., the 4-SCH3 or 4-CF3 substituted 4 had very little agonist activity and became antagonists against the R7 receptor. 18 Our results obtained from the MD simulations also support the above-described binding mode of 5 with the R7 receptor. As shown in Figure 2 , the distance between the cationic head on tetrahydropyridyl group of 5 and the backbone carbonyl oxygen of Trp149 fluctuates around 2.2 Å (black curve at the bottom panel of Figure 2 ) during the MD simulations, showing a hydrogen bond between the ligand and Trp149. The MD simulations also reveal a stable hydrogen bond between the 4-hydroxyl group of 5 and residue Glu189 (red curve at the bottom panel of Figure 2 ). Additional conformational features of the complex of 5 with the R7 receptor can be found from other tracked distances among different groups of residues. The side chain of Tyr168 forms a stable hydrogen bond with the side chain of Glu189 (blue curve at the middle panel of Figure  2 ), not directly hydrogen bonding with 4-hydroxyl group of 5. The time-dependent internuclear distances also show that residue Ser167 of the F-loop is not involved in hydrogen bonding with the side chain of Glu189 and 4-hydroxyl group of the ligand, but Ser167 is close to the local binding site. These dynamic features of Ser167 and Tyr168 are consistent with the known conformational changes of the receptor after the 5 binding observed by performing site-directed labeling and fluorescence spectroscopy studies. 27, 28 Using the AChBP protein as a model in those experimental studies, it was found that 5 was bound in the protonated form, i.e., the tetrahydropyridyl group was protonated. The site-directed labeling at residue Tyr164 of the F-loop of AChBP, which is in the corresponding position of Tyr168 in the R7 receptor, demonstrated that this loop had a conformational change after the agonist binding. 27, 28 Such a conformational change did not happen in the antagonists binding, suggesting the coupling effects of the F-loop on the agonist binding. Interestingly, there is always a salt bridge between the side chain of Lys145 and side chain of Asp197 as the shortest distance between the charged atoms of these two residues fluctuates around 3.0 Å throughout the MD trajectory (red curve at the upper panel of Figure 2 ). On the other hand, Tyr188 has no direct hydrogen bonding interaction with either Lys145 or Asp197 (upper panel in Figure 2 ). According to the tracked distances among residues Lys145, Tyr188, and Asp197 in the MD simulations, Lys145 and Asp197 have little or no direct influences on the binding of 5 with the R7 receptor. As observed in our MD simulations, the hydroxyl group of Tyr188 is exposed to the surrounding solvent. Changing Tyr188 to a hydrophobic residue such as Phe should not be expected to affect its packing with the benzylidene group of 4 or 5, which is consistent with the experimental observation that the Tyr188Phe or Asp197Ala mutation on the R7 receptor did not significantly change the potency of 5 with the receptor.
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Effects of the Gln117Phe Mutation on r7 nAChR Binding with Compounds 4 and 5. To examine how reasonable the binding mode of the R7 receptor binding with 4 and 5 is, we also modeled the Gln117Phe mutant of R7 nAChR binding with 4 and 5. We wanted to know how important Gln117 is for R7 nAChR binding with agonists. The modeling results show that the Gln117Phe mutation has no significant influence on the orientation of 4 or 5 at the binding site ( Figure 1B,D) . The key hydrogen bonding distances in the Gln117Phe mutant ( Figure 1B,D) are almost the same as those in the complex of the wild-type R7 receptor ( Figure 1A and 1C) . Using the same scoring function developed in our previous study, 30 we calculated the binding free energies (∆G bind ) for the agonists binding with both wild-type R7 nAChR and its Gln117Phe mutant. The calculated ∆G bind value for 4 binding with the wild-type is -8.5 kcal/mol (Table 2) , close to the ∆G bind value of -9.3 kcal/mol derived from the experimental K d value (Table 1) . Similarly, the ∆G bind value of -10.0 kcal/mol (Table 2) (Table 2) . These energetic results show that residue Gln117 should have no significant contribution to the binding of R7 nAChR with 4 and 5.
Effects of the Gln117Phe Mutation on r7 nAChR Binding with 1. The structure of 1 binding with wild-type human R7 nAChR structure was modeled in our previous computational study. 30 In the present study, we further computationally examined the effects of the Gln117Phe mutation on the binding of 1 based on the modeled structures for 1 binding with both the wild-type and mutant receptors. As shown in Figure 3 , the Gln117Phe mutation destroyed the hydrogen bond between the side chain of Gln117 and the -NH group of 1. Hence, the Gln117Phe mutation is expected to significantly weaken the intermolecular interaction between the ligand and receptor and, a The shift of the calculated ∆Gbind value caused by the Gln117Phe mutation, i.e., ∆∆Gbind ≡ ∆Gbind(Gln117Phe) -∆Gbind(wild-type).
b Binding free energy derived from experimental dissociation constant (K d) values collected in Table 1 via ∆G bind ) RT × ln Kd.
therefore, significantly decrease the binding affinity of 1 with the R7 receptor. The binding free energy calculated for 1 with the Gln117Phe mutant shows a 1.5 kcal/mol decrease in the binding affinity, i.e., ∆∆G bind ≡ ∆G bind (Gln117Phe) -∆G bind -(wild-type) ) 1.5 kcal/mol, as seen in Table 2 . Concerning the accuracy of the computational predictions, in our previous computational study (using the same computational protocol) 30 on a total of 14 subtype-selective agonists binding with R4 2 and R7 nAChRs, the calculated binding free energy shift (∆∆G bind ) for each of agonists was in good agreement with the binding free energy shift derived from the experimentally observed selectivity (i.e., K d(R4 2) /K d(R7) ). The average deviation of the calculated relative binding free energies (∆∆G bind ) from the corresponding experimental data was ∼0.6 kcal/mol, although the deviations of the calculated absolute binding free energy (∆G bind ) values from the corresponding experimental ∆G bind values were larger. As the same scoring function was used in the ∆∆G bind calculations of 1 binding with both the Gln117Phe mutant and wild-type R7 receptors, the calculated ∆∆G bind value of 1.5 kcal/mol suggests that Gln117 residue indeed has a significant contribution to the binding of 1 with the R7 receptor, although the predicted decrease in binding affinity is not dramatic.
Effects of the Gln117Phe Mutation on r7 nAChR Binding with Compounds 2 and 3. To better understand R7 nAChR binding with 1, we also modeled R7 nAChR binding with two analogues (compounds 2 and 3 in Table 1 ) of 1 and calculated the ∆G bind values for their binding with wild-type R7 nAChR and its Gln117Phe mutant. Depicted in Figure 4 are the obtained binding structures. The orientations of compounds 2 and 3 in the binding site are essentially the same as that of compound 1. A remarkable difference exists in the hydrogen bonding with the side chain of Gln117. Going from compound 1 to 2 or 3, the hydrogen atom on the carbamate nitrogen is replaced by a methyl (-CH 3 ) or ethyl (-CH 2 CH 3 ) group. As a result, compounds 2 and 3 do not have a -NH group available to form a hydrogen bond with the side chain of Gln117 like 1, which explains why the binding affinities of 2 and 3 are lower than that of 1 (see Table 2 ). The calculated binding free energies (Table 2 ) are qualitatively consistent with the available experimental data for their binding with the wildtype receptor. It is interesting to note that the binding free energies calculated for compounds 2 and 3 binding with the Gln117Phe mutant are all lower than the corresponding binding free energies calculated for their binding with the wild-type. These two compounds have a higher binding affinity with the Gln117Phe mutant compared to the wild-type receptor because the Gln117Phe mutation changes the hydrophilic side chain of Gln117 to the hydrophobic side chain of Phe and, thus, make the amino acid residue at position no. 117 of the receptor more compatible with the hydrophobic functional group (-CH 3 or -CH 2 CH 3 ) on the carbamate nitrogen of the ligand. Hence, the Gln117Phe mutation helps to make a favorable hydrophobic interaction between the ligand and residue no. 117 of the receptor. The larger the hydrophobic functional group (-CH 3 or -CH 2 CH 3 ) on the carbamate nitrogen of the ligand, the larger the calculated change (∆∆G bind ) of the binding free energy is. As seen in Table 2 , the ∆∆G bind value calculated for compound 2 (with -CH 3 on the carbamate nitrogen) is -1.0 kcal/mol, and the ∆∆G bind value calculated for compound 3 (with -CH 2 CH 3 on the carbamate nitrogen) is -2.2 kcal/mol.
Wet Experimental Tests on the Computational Predictions.
It is important to test and validate the binding insights obtained from the computational modeling. The aforementioned computational results have led to some interesting predictions of the effects of the Gln117Phe mutation on the agonists binding with R7 nAChR. Particularly, the computational modeling predicts that the receptor-agonist binding mode for 4 and 5 is significantly different from that for 1 and its analogues and that the Gln117Phe mutation differentially affects the binding of different agonists: (1) the Gln117Phe mutation will not significantly change the binding affinities of 4 and 5, (2) the Gln117Phe mutation will significantly decrease the binding affinity of 1, (3) the Gln117Phe mutation will significantly increase the binding affinities of the two 1 analogues (compounds 2 and 3). The predictions for the effects of the Gln117Phe mutation are testable. To test some of these predictions, we made the Gln117Phe mutant of human R7 nAChR through site-directed mutagenesis and carried out electrophysiological tests on the mutant and wild-type receptors with both 1 and 5 (the two practically interesting compounds that are actually available to us). The detailed experimental studies will be reported elsewhere. Here, for the purpose of validation of computational predictions, we only present and discuss the major results obtained from the electrophysiological measurements.
It should be pointed out that the measured EC 50 values reflect the overall agonist functions (associated with the channel opening) of the agonists and cannot be compared directly to the predicted binding affinities of the agonists with the receptors. This is because, in binding experiments, the prolonged exposure of the receptor to ligand promotes conversion of the receptors to desensitized states that retain the agonist binding sites in altered conformations most likely related to those associated with activated channels. However, mutations that affect the efficacy of multiple agonists may also shift the basic equilibrium between the active and desensitized states. It should be noted that on the average the maximal ACh response of the R7 Gln117Phe mutant nAChR was only 30% compared to wildtype R7 receptor (data not shown). As the Gln117Phe mutation is not expected to significantly change the R7 receptor binding with ACh, 25, 45 the decrease of the maximal ACh response of the R7 Gln117Phe mutant nAChR could be attributed to the possible mutation-caused shift of the basic equilibrium between the active and desensitized states. Theoretically, a specific mutation may or may not similarly shift the basic equilibrium for different agonists. When the Gln117Phe mutation can similarly shift the basic equilibrium for both the reference (ACh) and an agonist (1 or 5) under consideration, the responses of the mutant receptor to the agonist relative to the maximal ACh responses of the same mutant should not be affected significantly by the similar basic equilibrium shift. Assuming that this is the case for the Gln117Phe mutation and agonists (1 and 5) under consideration here, when the mutation does not significantly affect the binding affinity of an agonist, the mutation should also not significantly change the corresponding EC 50 value. When the mutation significantly decreases/increases the binding affinity of an agonist, the mutation should also significantly decrease/increase the corresponding EC 50 value.
Depicted in Figure 5 are the obtained electrophysiological data for the agonist functions of 1 and 5 with the wild-type R7 nAChR and its Gln117Phe mutant relative to the reduced maximal ACh responses. The data in Figure 5A show that the EC 50 value of 5 was 3.0 ( 0.26 µM for the wild-type R7 nAChR and 5.2 ( 0.84 µM for the Gln117Phe mutant. The change of the measured EC 50 value corresponding to the Gln117Phe mutation was insignificant, which qualitatively supports the computational prediction that the Gln117Phe mutation would not significantly affect the binding of agonist 5 with the R7 receptor.
The data in Figure 5B reveal that the EC 50 value of 1 was 3.6 ( 0.73 µM for the wild-type R7 nAChR and 22.3 ( 1.31 µM for the Gln117Phe mutant. The Gln117Phe mutation increased the EC 50 value of compound 1 by ∼6.2-fold. The ∼6.2-fold increase of the EC 50 value is significant, which qualitatively supports the computational prediction that the Gln117Phe mutation will significantly decrease the binding affinity of compound 1. If the ∼6.2-fold increase in the potency is associated with >6.2-fold increase in the binding affinity, this >6.2-fold increase in the affinity would correspond to >1.1 kcal/mol decrease in the binding free energy, i.e., ∆∆G expt ≡ ∆G expt (Gln117Phe) -∆G expt (wild-type) ) <-1.1 kcal/mol for compound 1. The ∆∆G expt value of <-1.1 kcal/mol is consistent with the predicted ∆∆G bind value of -1.5 kcal/mol.
The satisfactory agreement between the experimental data and computational predictions suggests that the receptor-agonist binding modes and structure-activity insights obtained from the computational modeling are reliable.
Conclusion
Our computational modeling and simulations have revealed how R7-specific agonists of nAChR, including 4 and 5, could interact with the R7 receptor. According to the determined binding mode, the cationic head of 4 and 5 has favorable hydrogen bonding and cation-π interactions with residue Trp149 of the receptor. In addition, 4 and 5 also interact with the subsite formed by residues in the C-loop on the principal side of the binding site and the residues Ser167, Tyr168, and Ile169 in the F-loop on the neighboring subunit. These residues from the F-loop are coupled with agonist binding, through the hydrogen bonding of the hydroxyl group on the side chain of Tyr168 with the side chain of Glu189 in the C-loop. The 4-hydroxyl group of 5 acts as a hydrogen bonding donor to form a hydrogen bond with side chain of Glu189 and thus increases its binding affinity with the receptor. The calculated relative binding free energies of 4 and 5 are qualitatively consistent with available experimental observations.
The computational results have also led us to better understand the roles of Gln117 and other residues in the R7 receptor binding with agonists. On the basis of the computational modeling, the Gln117Phe mutation should not significantly change the binding affinities of 4 and 5 but should significantly decrease the binding affinity of 1 and significantly increase the binding affinities of compounds 2 and 3. The computational predictions are supported by data obtained from wet experimental tests on two available compounds, i.e., 1 and 5, with both wild-type R7 receptor and its Gln117Phe mutant. The wet experimental data confirm that the Gln117Phe mutation does not significantly change the EC 50 value of 5 but does significantly increase the EC 50 value of 1.
The new insights into the receptor-agonist binding and structure-activity relationship obtained from this study should be valuable for future rational design of more potent and selective agonists of the R7 receptor. For example, our modeled binding structures reveal that the important receptor-agonist interactions include the hydrogen bonding and cation-π interactions between the cationic head of the agonist and Trp149 (for all of the examined R7-specific agonists) plus the hydrogen bonding of the agonists with residue Gln117 (for 1) or Glu189 (for (5) . Because these favorable interactions are crucial for the receptor binding with R7-specific agonists 1 or 5, one may consider designing possibly more potent and selective new agonists that can have the similar (or stronger) favorable interactions with all of these important residues, i.e., Gln117, Trp149, and Glu189 of the R7 receptor.
